RecA protein catalyzes DNA strand exchange, a basic step of homologous recombination. Upon binding to single-stranded DNA (ssDNA), RecA protein forms a helical nucleoprotein filament. Normally, this nucleoprotein filament binds double-stranded DNA (dsDNA) and promotes exchange of base pairs between this dsDNA and the homologous ssDNA that is contained within this filament. Here, we demonstrate that this bound dsDNA can be activated by interaction with a heterologous RecA nucleoprotein filament for a novel type of strand exchange with homologous ssDNA that is external to, and, therefore, not within, the filament. We refer to this novel DNA strand exchange as being in trans. Thus, the RecA nucleoprotein filament is a protein scaffold that activates dsDNA for strand exchange with ssDNA either within the filament or external to it. This new property demonstrates that the RecA nucleoprotein filament makes dsDNA receptive for DNA strand exchange, and it defines an early step of the homology recognition mechanism.
Of all the steps in DNA strand exchange, the most mysterious is the manner by which DNA sequence homology is recognized. How the RecA nucleoprotein filament makes the normally stable dsDNA receptive for DNA strand invasion remains a key question. As first postulated by Howard-Flanders and co-workers, the binding of nonhomologous dsDNA by the RecA nucleoprotein filament is a necessary prerequisite for homology recognition (Howard-Flanders et al. 1984) . To permit a rapid search for homology, this binding is, by necessity, weak (Tsang et al. 1985; Conley and West 1990; Mazin and Kowalczykowski 1996) . Nevertheless, the transient unwinding of heterologous dsDNA can be detected upon interaction with the filament Rould et al. 1992) . It was hypothesized that, as a result of such unwinding, dsDNA becomes stretched and partially unstacked. However, the role of this unwinding in the homology search remains undefined.
To learn more about the nature of the dsDNA that participates in this homologous pairing step, we asked whether dsDNA, which is bound to a heterologous nucleoprotein filament, is capable of pairing with free homologous ssDNA that is outside of the filament. The results demonstrate that the heterologous RecA nucleoprotein filament activates dsDNA, rendering it receptive for interaction with ssDNA, either within or external to the filament. We designated this novel type of DNA strand exchange with ssDNA exogenous to the filament as being in trans, in contrast to the conventional DNA strand exchange that occurs within the filament and is here called DNA strand exchange in cis.
Results
The RecA nucleoprotein filament promotes two distinct DNA strand exchange reactions: in cis and in trans Conventional DNA strand exchange occurs between ssDNA that is contained within the presynaptic filament and dsDNA that interacts with this filament; we refer to this conventional reaction as DNA strand exchange in cis. But by using dsDNA that is not homologous to the ssDNA within the presynaptic filament, exogenous naked ssDNA could be used to probe the receptiveness of the dsDNA, bound to this heterologous filament, to DNA strand exchange in trans, as we refer to it. If dsDNA is activated for DNA strand exchange by the heterologous RecA nucleoprotein filament, then DNA strand exchange with free DNA may occur in trans (Fig.  1) . To avoid the complications introduced by branch migration, short oligonucleotide substrates were used (Table 1) .
A RecA nucleoprotein filament was assembled on ssDNA (a 33-mer oligonucleotide, #43) with a molar ratio of three nucleotides of DNA per RecA protein monomer. To prevent dissociation of the initial RecA nucleoprotein filament, a virtually nonhydrolyzable analog of ATP, ATP␥S, was used in its assembly (Menetski and Kowalczykowski 1985) . Finally, to ensure that no unbound RecA protein remained, nonhomologous ssDNA (htr#1) was added to sequester any free RecA protein.
Heterologous dsDNA (#5 and #6) was then allowed to interact with this nucleoprotein filament. The ability of this dsDNA, which is bound to the heterologous nucleoprotein complex, to engage in DNA strand exchange with free ssDNA was then assayed by addition of exogenous 32 P-end-labeled ssDNA (#5) that was homologous to the dsDNA (complementary to #6).
We observed the RecA protein-dependent appearance of the 32 P-labeled duplex DNA that resulted from exchange of strands between the dsDNA and the exogenous ssDNA ( Fig. 2A,B ). In the absence of RecA protein, significantly less exchange occurs, indicating that spontaneous thermal exchange accounts for only a small fraction of the observed DNA strand exchange (Fig. 2B ). The reaction is also homology-dependent (Fig. 2B) ; however, the kinetics of exchange are distinctly slower than for DNA strand exchange occurring in cis between a homologous RecA nucleoprotein filament and dsDNA under identical conditions (Fig. 2C,D) .
Potentially, a contaminating exonuclease could resect one of the dsDNA ends and facilitate annealing of the partially degraded dsDNA with the complementary ssDNA; subsequent spontaneous branch migration would complete DNA strand exchange. To exclude such an artifact, the integrity of the (identical) DNA strand displaced by DNA strand exchange in trans was analyzed by gel electrophoresis. We found that the displaced DNA strand retained its original length; no traces of exonuclease activity were detected (Fig. 3) .
Previously, we determined that in the presence of ATP␥S, as was used here, ssDNA bound to the primary site of RecA protein remains stably associated and that this bound RecA protein does not transfer to ssDNA added subsequently, even in the presence of a high excess of free ssDNA (Menetski and Kowalczykowski 1987; Mazin and Kowalczykowski 1998) . As a further precaution and as noted above, all reactions included an excess of nonspecific DNA to titrate any free RecA protein. Thus, the observed DNA strand exchange in trans does not occur as a result of transfer of RecA protein to the added ssDNA; rather, it involves free ssDNA as one of the participants.
DNA strand exchange in trans occurs with different DNA substrates
To ensure that the observed DNA strand exchange in trans is not a peculiar characteristic of the DNA substrates employed, several other substrate pairs were examined. Table 2 shows that DNA strand exchange in trans is not restricted to certain DNA sequences, as it occurs with different DNA substrates. The rates of these reactions vary considerably for these different DNA sub- Figure 1 . DNA strand exchange in trans. A RecA nucleoprotein filament is assembled on ssDNA in the presence of ATP␥S (A). This filament is introduced to heterologous dsDNA to form a nonhomologously bound complex (B). To probe the receptiveness of the bound dsDNA, exogenous 32 P-labeled ssDNA that is complementary to this dsDNA is added to the complex (C). DNA strand exchange in trans between homologous 32 P-labeled ssDNA and the unlabeled dsDNA results in 32 P-labeled dsDNA and unlabeled ssDNA products.
strates but, significantly, they do not correlate with the melting temperatures of the dsDNA, confirming that simple denaturation is not responsible for the reaction in trans. Moreover, the rates are notably different when the two different complementary ssDNA strands react with the same dsDNA (Table 2, see rows #40 and #39), dem- Figure 2 . The RecA nucleoprotein filament catalyzes DNA strand exchange both in cis and in trans. For the reactions in trans, presynaptic filaments were assembled on ssDNA (#43); these filaments were mixed with dsDNA (#5 and #6) and 32 P-labeled ssDNA (#5) that were reciprocally homologous, but heterologous to the ssDNA within the filament. For the reactions in cis, the same presynaptic filaments, but containing 32 Plabeled ssDNA (#43), were mixed with homologous dsDNA (#43 and #72). Both reactions were carried out at 23°C. Gels showing DNA strand exchange in trans and in cis are presented in A and C, respectively. The analysis of these reactions (), as well as of control reactions containing either no RecA protein (᭡) or heterologous 32 P-labeled ssDNA (#19) in place of the homologous ssDNA (#5 for the in trans and #43 for the in cis reaction) (᭹), are shown in B and D, respectively. 
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onstrating that the nature of the ssDNA is also a determinant of this pairing reaction. Additionally, increasing the length of the homologous DNA substrates from 32 (#5) to 63-mers (#1) does not significantly affect the rate of the protein-promoted reaction (Table 2) , although the rate of spontaneous, thermal DNA strand exchange is decreased. Finally, DNA strand exchange in trans occurs with DNA substrates that are 90 nucleotides in length; the reaction rate was somewhat lower than for 63-mer #1, but it was not lower than for two other 32-mer substrates. Similarly, the rate of DNA strand exchange in trans is independent of the type and sequence of ssDNA that is within the RecA nucleoprotein filament. Thus, the RecA nucleoprotein filament assembled on X174 circular ssDNA can promote DNA strand exchange in trans at the same rate as the filament assembled on a 32-mer oligonucleotide (Fig. 4) . Furthermore, the large size of the RecA nucleoprotein filaments assembled on X174 ssDNA enabled the use of gel-filtration chromatography to remove any potentially unbound RecA protein. We found that the DNA strand exchange in trans was unaltered after this purification step (data not shown), again demonstrating the free RecA protein is not responsible for this reaction.
Therefore, we conclude that the DNA strand exchange in trans is a general characteristic of the RecA nucleoprotein filament and that it is independent of DNA sequence and type.
DNA strand exchange in trans requires a functional RecA nucleoprotein filament
Although RecA protein can bind ssDNA in the absence of ATP to form an inactive filament, formation of the active RecA nucleoprotein filament that is proficient in DNA strand exchange in cis and in LexA repressor cleavage requires ATP or one of its analogs . Consequently, we wished to determine whether the nucleotide cofactor requirements of DNA strand exchange in trans parallel those of the in cis reaction. Because ATP hydrolysis by RecA protein would promote dissociation of RecA protein from the original The initial rate during the first 1-2 min (10-15 min for ssDNA #20, #39, and #91) of DNA strand exchange in trans was obtained by subtracting the rate of spontaneous thermal DNA strand exchange for each pair of DNA substrates, from the observed rate of RecA protein-promoted reaction. The spontaneous reaction rates (%/min) were 0.06, 0.12, 0.05, 0.1, 0.02, 0.13, and 0.03 for oligonucleotides #40, #43, #1, #5, #91, #20, and #39 respectively. The strand displaced during the DNA strand exchange in trans is intact. The 32 P-labeled DNA strand (#1) that was displaced from dsDNA (#1 and #2) during DNA strand exchange in trans was isolated (see Materials and Methods) and analyzed by electrophoresis on a 10% polyacrylamide gel containing 50% urea (displaced ssDNA), along with the original 32 P-labeled oligonucleotide (#1; substrate ssDNA). 32 P-labeled DNA migration markers (marker) were obtained by cleavage of the oligonucleotide #2 at adenine and guanine residues according to Maxam and Gilbert (1980) . filament and its transfer to the ssDNA added in trans, DNA strand exchange in trans could not be examined unambiguously in the presence of ATP. Instead, however, we used ATP␥S, an ATP analog that is hydrolyzed very slowly, and ADP и AlF 4 − , a nonhydrolyzable ground state ATP analog. Both of these analogs support active filament formation, DNA strand exchange in cis, and LexA repressor cleavage (Moreau and Carlier 1989; Yu and Egelman 1990; Kowalczykowski and Krupp 1995) . In the presence of ATP␥S or ADP и AlF 4 − , DNA strand exchange in trans was equally robust (Fig. 5 ). In contrast, in the presence of ADP or in the absence of any cofactor, the reaction was quite poor, showing that only the active RecA nucleoprotein filaments can efficiently promote DNA strand exchange in trans.
As a further demonstration that DNA strand exchange in trans required the same functional form of the RecA nucleoprotein that is required for the in cis reaction, mutant RecA proteins were tested (Fig. 6 ). Some defective RecA proteins, such as RecA56 and RecA1, can form filaments with ssDNA, however, these filaments cannot promote DNA strand exchange in cis (Lauder and Kowalczykowski 1993) . As shown in Figure 6 , these proteins also fail to promote DNA strand exchange in trans.
Therefore, there is an absolute correspondence between the ability of a RecA nucleoprotein filament to promote DNA strand exchange in trans and in cis, and this behavior also correlates with the biological activity of RecA protein.
DNA strand exchange in trans requires binding of DNA to the secondary DNA-binding site of RecA protein
Conventional DNA strand exchange in cis requires binding of the dsDNA to the secondary DNA-binding site of the RecA nucleoprotein filament; therefore, we asked whether DNA strand exchange in trans had the same requirement. Previously, we characterized and defined the functions of the secondary DNA-binding site within the RecA nucleoprotein filament (Mazin and Kowalczykowski 1996, 1998) . This site has a higher affinity for ssDNA over dsDNA and has a marked base compositional preference in ssDNA binding. Reactions in trans were performed in the presence of competitor ssDNA that has either a high affinity (#21) or a low affinity Figure 4 . RecA nucleoprotein filaments assembled on either ssDNA oligonucleotides or X174 ssDNA promote DNA strand exchange in trans with the same efficiency. Presynaptic filaments were assembled on oligonucleotide #5 (12 µM, ᭡) or X174 ssDNA (12 µM, ). These filaments were used to mediate DNA strand exchange in trans between the mutually homologous DNA substrates: dsDNA (#43 and #72) and 32 P-labeled ssDNA (#43). DNA strand exchange in trans (htr#1) for the secondary site (Mazin and Kowalczykowski 1996) . The results demonstrate that ssDNA with high, but not low, affinity for the secondary site strongly inhibits the reaction (Fig. 7) . Moreover, one molar equivalent of high-affinity ssDNA, the amount required to saturate the RecA protein secondary site (Mazin and Kowalczykowski 1996, 1998) , was sufficient to inhibit the reaction in trans by 90% (Fig. 7B) . These results argue that DNA strand exchange in trans requires binding of at least one of the two DNA substrates to the secondary site of the RecA nucleoprotein filament.
The secondary DNA-binding site of RecA protein activates dsDNA for DNA strand exchange
Because the secondary site can bind either ssDNA or dsDNA, the high-affinity ssDNA inhibitor that was used in Figure 7 could block DNA strand exchange in trans by competing with both of these substrates. To ascertain whether binding of dsDNA or ssDNA was essential for DNA strand exchange, the concentration of each was varied separately. When we tested whether this inhibition was overcome by increasing the concentration of dsDNA, we found that an increase in dsDNA concentration did restore DNA strand exchange (Fig. 8 ). In contrast, an increase in the homologous ssDNA concentration exacerbated the inhibition (Fig. 8 ). These results demonstrate that the binding of dsDNA to the secondary site is an essential step of DNA strand exchange in trans as it is for strand exchange in cis. Binding of dsDNA that is heterologous with respect to the ssDNA within the RecA nucleoprotein filament, nevertheless, permits homologous interaction with protein-free complementary ssDNA in solution and, simultaneously, activates the dsDNA for DNA strand exchange in cis. Thus, the reaction is occurring as diagrammed in Figure 1 .
It has been shown that RecA protein can provoke some limited strand separation of very short duplexes, shorter than 30 bp, in the presence of ATP, but not ATP␥S (Bianchi et al. 1985; Villani et al. 1993) . Accordingly, we did not observe DNA strand separation (i.e., the detection of ssDNA by gel electrophoresis) by the RecA nucleoprotein filament under conditions of our DNA strand exchange reactions in trans, in the presence of ATP␥S (data not shown); furthermore, ssDNA was not detected even when single strand binding (SSB) protein was added to trap any that might transiently form (data not shown). Likewise, incubation with the nucleoprotein filament did not render the heterologous dsDNA sensitive to reaction with KMnO 4 , an ssDNA-specific reagent (data not shown).
Thus, DNA strand exchange in trans likely occurs through collision between an activated dsDNA that is bound to the secondary site of RecA nucleoprotein filament and ssDNA that is free in solution. Consistent with this inference, DNA strand exchange in trans is RecA nucleoprotein filaments were incubated with a competitor ssDNA (#21; 12 µM) that had a high affinity for the secondary DNAbinding site. DNA strand exchange in trans was initiated by addition of mutually homologous dsDNA (#5 and #6) and 32 Plabeled ssDNA (#5). Three different concentrations of these substrates were used: 12 µM of ssDNA and 24 µM dsDNA (1× dsDNA); 12 µM of ssDNA and 240 µM dsDNA (10× dsDNA); or 120 µM ssDNA and 24 µM of dsDNA (10× ssDNA). The product yield was normalized relative to the DNA substrate present at the lowest concentration in the reaction. dependent on dsDNA concentration, as shown by the reaction half-time measurements in Table 3 .
The binding of DNA in the secondary site of the RecA nucleoprotein filament is very dynamic. As we reported previously, equilibration among different DNA species that can bind to the secondary site of the RecA nucleoprotein filament is very rapid, occurring in <1 min (Mazin and Kowalczykowski 1998) . Consistent with this observation, the observed rates of DNA strand exchange in trans did not depend on the order with which the homologous ssDNA and dsDNA substrates were bound to the RecA nucleoprotein filament (data not shown).
The heteroduplex dsDNA product of the DNA strand exchange in trans is weakly associated with the RecA nucleoprotein filament Conventional DNA strand exchange in cis occurs between ssDNA bound to the primary site of the RecA filament and homologous dsDNA bound to the secondary. After exchange of DNA strands, the heteroduplex dsDNA product of this reaction remains associated with the RecA nucleoprotein filament, presumably, occupying the tight-binding primary site (Ullsperger and Cox 1995) . In contrast, our results indicate that DNA strand exchange in trans occurs between dsDNA bound to the secondary DNA-binding site and ssDNA that is free in a solution. Because the primary site is occupied by nonhomologous, nonexchangable ssDNA, the product of DNA strand exchange in trans could remain loosely associated only with the weaker secondary DNA-binding site of the RecA nucleoprotein filament. Indeed, it is known that nonhomologous dsDNA binds only weakly to the secondary site of the filament, producing complexes that hardly survive gel electrophoresis (Muller et al. 1990) and that can be detected only by sensitive, though indirect, assays Tsang et al. 1985; Conley and West 1990; Rould et al. 1992) .
Exploiting the known differences in DNA binding affinities displayed by the two DNA-binding sites of RecA protein, we wanted to ascertain more directly whether the dsDNA products of the in cis and in trans reactions are associated with different RecA protein binding sites, that is, with the primary and the secondary sites, respectively. Therefore, the nondeproteinized products of the DNA strand exchange in cis and in trans were analyzed by polyacrylamide gel electrophoresis.
Binding of ssDNA by free RecA protein results in complexes that migrate slowly in the polyacrylamide gel ( Fig.  9A ; reaction in cis, time 0). Previously, we showed that ssDNA is accommodated in the primary site of these RecA protein-ssDNA complexes (Mazin and Kowalczykowski 1996, 1998) . As expected, the dsDNA heteroduplex product of DNA strand exchange in cis was retarded in the gel, indicating its tight association with the primary site of RecA protein ( Fig. 9A; reaction in cis) . In contrast, binding of ssDNA by the RecA nucleoprotein filament produces complexes in which ssDNA is bound to the secondary site of RecA protein (Mazin and Kowalczykowski 1996, 1998) . These complexes, shown in Figure 9A (reaction in trans, time 0), differ from the complexes containing ssDNA in the primary site by virtue of their high sensitivity to competing ssDNA (Mazin and Kowalczykowski 1996, 1998) . Importantly, the dsDNA heteroduplex product of the DNA strand exchange in trans migrated almost unretarded in the gel, showing lack of an association with the RecA nucleoprotein filament ( Fig. 9A ; reaction in trans). The amount of dsDNA heteroduplex that is found as free, unassociated dsDNA in Figure 9A is 14.8% 19.4%, and 23% for the 5, 10, and 15 min of the reaction, respectively. In comparison, deproteinized samples from the same reaction in trans yielded 17.4%, 22.8%, and 26.7% of dsDNA heteroduplex product for the same times, respectively (Fig. 9B) , showing that only about 15% in trans dsDNA product was associated with the RecA nucleoprotein filament. A similar comparison of the deproteinized and nondeproteinized samples for the DNA strand exchange in cis shows that 95%-100% of dsDNA product was associated with the filament.
In agreement with our expectations, these results demonstrate an important distinction between DNA strand exchange in cis and in trans: The dsDNA products of these reactions have notably different degrees of association with the RecA nucleoprotein filament, suggesting that they are produced in, and are associated with, the two different DNA-binding sites.
Discussion
The results presented in this paper show that the RecA nucleoprotein filament can promote two types of DNA strand exchange reactions, which we call in cis and in trans. Both our present and previous results (Mazin and Kowalczykowski 1996, 1998) demonstrate that each of these reactions requires binding of dsDNA to the secondary site of the RecA protein-ssDNA filament. For the in cis reaction, the homology search is a transient process that is coupled to, or immediately followed by, DNA strand exchange. However, the use of heterologous dsDNA disrupts this coupling and reveals an activated form of dsDNA that exists at the time of homologous recognition.
Our results indicate that the binding of dsDNA to the secondary DNA-binding site of RecA protein plays an essential role in DNA strand exchange in trans. The ssDNA competitor with high, but not low, affinity for the secondary site completely inhibits the reaction in trans. Furthermore, only one molar equivalent of the high affinity ssDNA competitor is sufficient both to saturate the secondary site (Mazin and Kowalczykowski 1996, 1998) , and to fully inhibit DNA strand exchange in trans. However, an excess of the dsDNA substrate could restore the reaction, demonstrating the reversible nature of this inhibition. These findings are consistent with our previous demonstration of a competition between ssDNA and dsDNA for binding to the secondary site (Mazin and Kowalczykowski 1996) . Previously, it was shown that the RecA nucleoprotein filament topologically unwinds dsDNA upon its binding Rould et al. 1992) . Our results argue that this unwinding renders dsDNA accessible and highly receptive for the interaction with complementary ssDNA, even when this ssDNA is not within the nucleoprotein filament (Fig. 1) . Thus, binding to the secondary site of the RecA nucleoprotein filament activates dsDNA for both homologous recognition and DNA strand exchange by locally disrupting DNA structure. These structural changes may involve the local melting of dsDNA that is short lived and, therefore, undetected by conventional methods. Alternatively, the dsDNA that is complexed to the RecA nucleoprotein filament may adopt a novel and unique structure with an enhanced ability to interact with ssDNA. In either case, our results demonstrate that this activated dsDNA, which is bound to the secondary site, collides with homologous ssDNA, which is free in solution. This interpretation is substantiated by our finding that DNA strand exchange in trans is apparently second order with respect to dsDNA, occurring as depicted in Figure 1 .
Although the dsDNA is structurally activated for DNA strand exchange, macroscopic strand separation is not occurring. Though the binding of short (<30 bp) dsDNA to the primary site of RecA protein in the presence of ATP, but not ATP␥S, results in a slight formation of ssDNA (Bianchi et al. 1985; Villani et al. 1993) , DNA strand exchange in trans occurs (1) in the presence of ATP␥S; (2) without detectable strand separation; and (3) is not limited to such short duplex DNA. DNA strand separation by the RecA nucleoprotein filament did not occur under conditions of the DNA strand exchange in trans, even when measured in the presence of SSB protein, nor did incubation with the nucleoprotein filament render the heterologous dsDNA sensitive to reaction with an ssDNA specific reagent, KMnO 4 . Finally, the possibility that DNA strand exchange in trans could occur via RecA protein-dependent denaturation of dsDNA followed by its spontaneous reannealing with complementary ssDNA is not substantiated by our experimental observations. This possible explanation implies that the rates of DNA strand exchange in trans would be similar for the reactions of dsDNA with each of its two individual complementary ssDNA strands. However, this expectation is not supported by our results, which show a significant difference in the reaction rate for each complementary ssDNA strand with the same dsDNA homolog. Thus, we conclude that DNA strand exchange in trans occurs in the absence of any detectable ssDNA as an intermediate. The heteroduplex dsDNA product of DNA strand exchange in trans is associated weakly with the RecA nucleoprotein filament. For the reactions in trans, presynaptic filaments were assembled on ssDNA (#43); these filaments were mixed with dsDNA (#5 and #6) and 32 P-labeled ssDNA (#5). For the reactions in cis, the presynaptic filaments were formed with 32 P-labeled ssDNA (#5) and mixed with homologous dsDNA (#5 and #6) in the presence of heterologous ssDNA (#43). Both reactions were carried out at 37°C. The products of these two reactions were resolved on a polyacrylamide gel, both as native complexes (A) and after deproteinization (B).
Our data show that the nature of the ssDNA is an important determinant of the in trans reaction. We noticed that ssDNA with high affinity for the secondary site (e.g., #39 or #20), which consequently competed effectively with its dsDNA homolog for binding to the secondary site, was a poor substrate for DNA strand exchange in trans. This result underscores further the importance of dsDNA binding to the secondary site as a prerequisite for the in trans reaction. However, the inverse correlation between affinity of ssDNA for the secondary site and its participation for the in trans reaction was not absolute. For instance, the affinity of ssDNA #40, a substrate that showed the highest rate of exchange in trans, was higher than that of ssDNA #43, the second most effective substrate (data not shown). Although the ssDNA substrates were selected for this study to be free from conventional secondary structure, this imperfect correlation indicates that some unidentified properties of the DNA affect rates of DNA strand exchange in trans. Alternatively, the two strands of the dsDNA may interact asymmetrically with the secondary DNA binding site and thus display different reactivities with the ssDNA. The effects of DNA base composition on DNA strand exchange in trans are complex and required further exploration.
Several observations argue that DNA strand exchange in trans is a novel, specific process rather than a nonspecific aggregation-mediated reaction. First, only fully functional RecA nucleoprotein filaments promote DNA strand exchange in trans. Neither the condensed, inactive filaments of wild-type RecA protein formed in the absence of an ATP analog, nor the inactive filaments of the RecA56 and RecA1 mutant proteins supported this reaction. This result points to the common limitation of each of these inactive filaments, which is their inability to induce an extended or unwound form of DNA (Lauder and Kowalczykowski 1993) . Second, the highly specific inhibition by ssDNA with high affinity for the secondary site rules out the possibility that DNA strand exchange in trans is caused by a nonspecific aggregation of DNA. Finally, the finding that nondeproteinized dsDNA product of the in trans reaction migrates in gel electrophoresis as free dsDNA further corroborates this notion.
We were fully aware that an excess of RecA protein or its transfer from the original filament to the in trans ssDNA could cause DNA strand exchange in cis that might be mistakenly interpreted as the in trans reaction. Therefore, extra precautions were taken to exclude these possibilities. First, all reactions were performed in the presence of nonspecific ssDNA. Second, purification of the RecA nucleoprotein filament by gel chromatography to remove unbound RecA protein did not affect DNA strand exchange in trans. Third, all reactions were carried out in the presence of ATP␥S or ADPиAlF 4 − . Previously, we showed, that in the presence of ATP␥S, RecA protein remains tightly associated with the ssDNA bound to its primary site; the transfer of RecA protein does not occur (Mazin and Kowalczykowski 1996, 1998) .
However, most importantly, we found that the reaction in trans displays a qualitative distinction from the DNA strand exchange in cis. The nondeproteinized heteroduplex dsDNA, the product of the in trans reaction, migrates as free dsDNA during polyacrylamide gel electrophoresis. In contrast, the heteroduplex dsDNA product of the in cis reaction, was tightly associated with the RecA nucleoprotein filament. This finding indicates that the dsDNA products of DNA strand exchange in cis and in trans are produced in, and are associated with, the two different RecA protein DNA-binding sites, that is, the primary and the secondary, respectively. This distinction along with other specific characteristics of DNA strand exchange in trans allows us to define this reaction as a novel reaction promoted by the RecA nucleoprotein filament.
DNA strand exchange in trans can be added to the list of RecA protein activities that require ATP binding, but not hydrolysis. These activities include renaturation of ssDNA, DNA pairing, DNA strand exchange in cis, and co-proteolysis of UmuD, LexA repressor, and lambdoid prophage repressors ). There are a few instances in which ATP␥S cannot substitute for ATP. For example, neither DNA four-strand exchange nor the bypass of DNA heterology occurs in the presence of ATP␥S. However, more importantly, there is no activity of RecA protein that occurs in the presence of ATP␥S, for which ATP cannot substitute. Thus, as expected, in the case of the in trans reaction, we observed that when the RecA nucleoprotein filament that was assembled on X174 ssDNA in the presence of ATP (and an ATP-regeneration system) DNA strand exchange between ssDNA and dsDNA substrates also occurred (data not shown). The extent of this reaction was comparable to the in trans reaction occurring in the presence of ATP␥S. Moreover, the reaction in the presence of ATP was sensitive to the inhibition by ssDNA with high, but not with low, affinity for the secondary site, indicating that this reaction required involvement of the secondary RecA protein DNA binding site. Although transfer of RecA protein from the original filament onto ssDNAsubstrate cannot be ruled out entirely in such experiments, we believe that DNA strand exchange in trans, as with other reactions promoted by RecA protein, can occur in the presence of either ATP or its nonhydrolyzable analogs.
The in trans reaction emphasizes a distinct and essential step of DNA strand exchange: activation of dsDNA for homologous pairing. Though we can speculate about its biological significance, the in vivo role of DNA strand exchange in trans, if any, remains to be fully appreciated. Clearly, DNA strand exchange in trans requires formation of the RecA nucleoprotein filament, and, therefore, is most feasible after extensive DNA damage. Because DNA strand exchange in trans occurs between naked dsDNA-and ssDNA partners, this reaction in vivo would require a situation that generates ssDNA that is free of SSB or RecA proteins. Extensive DNA damage could result in depletion of the unbound pool of SSB protein (Kowalczykowski and Roman 1990) . In addition, the degraded ssDNA could be too short to permit the efficient binding of RecA protein. Such limitations clearly exclude DNA strand exchange in trans from being involved in the mainstream mechanisms of repair of DNA double-stranded breaks. Still, DNA strand exchange in trans may have a role in some of the minor pathways of DNA repair. Interestingly, the phenomenon termed indirect stimulation of homologous recombination seems to be the closest that fits the hypothetical requirements for DNA strand exchange in trans in vivo. Golub and Low (1983) found that if a lacZ phage is coinfected with a second, UV-irradiated phage (phage or a -80 hybrid) which does not carry the lacZ gene, recombination between the unirradiated lacZ phage and a chromosomal copy of the lacZ gene is enhanced in a SOS-independent manner. Indirect stimulation of recombination required functional helicase II and RecJ exonuclease, whose combined activities could generate ssDNA substrates (Schellhorn and Low 1991) . This phenomenon of indirect stimulation of recombination, still has no clear explanation and may potentially involve various underlying mechanisms. DNA strand exchange in trans may contribute to this indirect stimulation of homologous recombination. We imagine that the RecA nucleoprotein filament, which is formed on the damaged phage DNA, could serve as a scaffold that stimulates recombination between two mutually homologous DNA partners. The region of shared homology between damaged and recombining phages that is required for indirect stimulation of recombination could help to anchor DNA of the recombining phage on the nucleoprotein filament scaffold via a conventional recombination event which, in turn, would facilitate DNA strand exchange in trans through a pseudo-first order reaction between the lacZ genes.
Both our biochemical interpretations and their possible relationships to recombination in vivo prompt us to speculate on the evolutionary origin of the in trans reaction. Given the remarkable properties of the RecA protein Eggleston and West 1997; Bianco et al. 1998) , it is difficult to imagine the single-step evolution of a protein with the collective capacity to (1) form a helical filament, (2) bind two different DNA molecules, (3) activate the normally stable duplex form of DNA, (4) homologously pair and exchange DNA strands, and then (5) acquire the ability to turnover through an ATPase activity. Instead, our results demonstrate that the RecA filament alone, without ATP hydrolysis, is capable of promoting an effective bimolecular DNA strand exchange reaction. This finding, in turn, suggests that the progenitor of the modern RecA protein was a protein that either self-assembled or assembled in an ssDNA-dependent manner and that this resulting filament possessed the ability to activate dsDNA for the important cellular process of recombination-mediated repair. Subsequently, this early in transproficient DNA strand exchange protein acquired the more complex ability to bind two DNA molecules simultaneously that is needed to promote DNA strand exchange in cis, as well as the ability to hydrolyze ATP, an activity that allowed the protein dissociate itself from the heteroduplex product and promote unidirectional branch migration through limited mismatches, all of which are rather sophisticated biochemical processes. The realization that RecA-like proteins are found in all organisms, including the Archaea (Seitz et al. 1998) , further argues that this class of proteins is both evolutionarily old and important (Brendel et al. 1997) ; the finding that an ATP hydrolysis defective variant of Rad51 protein, a eukaryotic RecA-like protein, is active in vivo (Sung and Stratton 1996) also argues that the ATPase activity is dispensable. The discovery of DNA strand exchange in trans offers insight into both the mechanism and the development of the homologous pairing process.
Materials and methods

RecA protein and DNA substrates
RecA wild-type protein was purified from Escherichia coli strain JC12772 by use of a procedure based on precipitation by spermidine acetate (Griffith and Shores 1985; S.C. Kowalczykowski, unpubl.) . RecA56 and RecA1 proteins were purified as described previously (Lauder and Kowalczykowski 1993) . Virion X174 ssDNA was purchased from New England Biolabs. Oligodeoxyribonucleotides were purified after their synthesis by electrophoresis in polyacrylamide gels containing 8 M urea. To prepare dsDNA, two complementary oligonucleotides were denatured at 95°C for 3 min, and then annealed in a buffer containing 7 mM Tris-HCl (pH 7.6), 100 mM NaCl, 10 mM Na citrate, 1 mM MgCl 2 , and 0.5 mM DTT for 1 hr at a temperature optimal for their hybridization. Oligonucleotides were stored at −20°C. DNA concentrations are reported as total nucleotides.
DNA strand exchange in trans and in cis
Unless otherwise indicated, the conditions of DNA strand exchange in trans were the following. Presynaptic filaments were formed by incubation of RecA protein (4 µM) with a ssDNA oligonucleotide (12 µM) (the 33-mer, #43) or with X174 ssDNA (12 µM) in standard buffer containing 33 mM HEPES (pH 7.0), 1.2 mM magnesium acetate, 2 mM DTT, 100 µg/ml BSA, and 1 mM ATP␥S at 37°C for 12 min. Incubation was followed by an increase in the magnesium acetate concentration to 11.2 mM. The unbound RecA protein was sequestered by addition of ssDNA (htr#1; 30 µM), and incubation was continued for 4 min. Alternatively, the unbound RecA protein was removed by gel filtration of the RecA nucleoprotein filaments through Chromaspin-1000 columns (Clontech) equilibrated with standard buffer. In this case, the magnesium acetate concentration was increased to 11.2 mM after the gel filtration. DNA strand exchange in trans was initiated by addition of the 32 P-labeled ssDNA (12 µM) and homologous dsDNA (24 µM). To minimize the level of spontaneous DNA strand exchange, the reaction temperature was 23°C. The products of DNA strand exchange were deproteinized with 1% SDS and 50 mM EDTA and resolved by electrophoresis on 10% polyacrylamide gels in TBE buffer [90 mM Tris-borate (pH 8.3), 0.5 mM EDTA]. DNA strand exchange in cis was performed under identical conditions, except the RecA nucleoprotein filament was assembled on 32 P-labeled ssDNA. When ADPиAlF 4 − was used, ATP␥S was replaced with 5 mM ADP, 10 mM NaF, and 0.4 mM Al(NO 3 ) 3 (Kowalczykowski and Krupp 1995) . Gels were quantitated by use of a Storm 840 PhosphorImager (Molecular Dynamics) with ImageQuant software. Unless indicated otherwise, the rate of spontaneous thermal DNA strand exchange was subtracted from the observed rates of RecA protein-promoted reactions.
For the reactions in trans, presynaptic filaments were assembled by binding of RecA protein (8 µM) to ssDNA (#43) (12 µM). The unbound RecA protein was sequestered by addition of ssDNA (htr#1) (60 µM). The filaments were mixed with dsDNA (#5 and #6) (48 µM) and 32 P-labeled ssDNA (#5) (12 µM) under standard conditions. For the reactions in cis, the presynaptic filaments were formed by mixing RecA protein (8 µM) with 32 Plabeled ssDNA (#5; 12 µM). Heterologous ssDNA (htr#1) (60 µM) was then added to sequester the unbound RecA protein. DNA strand exchange in cis was initiated by addition of homologous dsDNA (#5 and #6; 48 µM). To achieve higher yields, the reactions were carried out at 37°C. After the indicated period of time, aliquots were withdrawn from the reaction mixtures and were either loaded directly on a 10% polyacrylamide gel after mixing with a one-tenth volume of loading buffer (20% Ficoll, 0.1% bromophenol blue) or were deproteinized with 1% SDS and 50 mM EDTA prior to the loading on a gel. The control for the spontaneous thermal DNA strand exchange was performed under conditions identical with those for the DNA strand exchange in trans, except that RecA protein was substituted with RecA protein storage buffer which contained 20 mM Tris-HCl (pH 7.5), 1 mM DTT, 0.1 mM EDTA and 10% glycerol.
Nuclease assays
To control for nuclease activity, the RecA protein preparation was assayed at the standard conditions for DNA strand exchange. A RecA nucleoprotein filament was assembled on ssDNA (#9). Duplex DNA (#1 and #2) and complementary ssDNA oligonucleotide (#1) were used as substrates for DNA strand exchange in trans. The dsDNA was 32 P-labeled at the 5Ј end of the identical DNA strand (#1) by use of T4 polynucleotide kinase and [␥-32 P]ATP. DNA strand exchange was carried out for 1 hr at 23°C. After deproteinization, the products of this reaction were separated by use of a 10% polyacrylamide gel run in TBE. The DNA strand that was displaced from dsDNA was eluted from the gel, and its integrity was confirmed by gel electrophoresis on a 10% polyacrylamide gel containing 50% urea.
Chemical modification of dsDNA with KmnO 4
The RecA nucleoprotein filament was formed as for DNA strand exchange in trans, except that the concentration of DTT in the standard buffer was reduced to 0.5 mM. Heterologous dsDNA (#5 and #6) in which either of the strands was 32 Plabeled at the 5Ј end was added to the filament. The samples were treated further with 2-6 mM KMnO 4 for 2-5 min at 23°C. The reactions were quenched with 0.72 M ␤-mercaptoethanol and 25 mM EDTA. Modified DNA was precipitated by ethanol and cleaved with 10% piperidine for 30 min at 95°C. The products of DNA cleavage were resolved by electrophoresis on a 10% sequencing gel that was run at 1200 V for 2 hr.
